Purpose This study investigated the most efficient means of measuring pain intensity and pain interference comparing ecological momentary assessment (EMA) to end of day (EOD) data, with the highest level of measurement reliability as examined in individuals with spinal cord injury. Methods EMA (five times throughout the day) and EOD ratings of pain and pain interference were collected over a 7-day period. Multilevel models were used to examine the reliability for both EOD and EMA assessments in order to determine the amount of variability in these assessments over the course of a week or the day, and a multilevel version of the Spearman-Brown Prophecy formula was used to estimate values for reliability. Results Findings indicate the minimum of number of EOD and EMA assessments needed to achieve different levels of reliability ("adequate" > 0.70, "good" > 0.80 and excellent > 0.90). In addition, the time of day (either morning, midday or evening) did not impact the estimated reliability for the EMA assessments. Conclusions These findings can help researchers and clinician balance the cost/benefit tradeoffs of these different types of assessments by providing specific cutoffs for the numbers of each type of assessment that are needed to achieve excellent reliability.
Introduction
The inherent subjectivity of pain necessitates its assessment by self-report. The most commonly used self-report measures involve asking the person to recall his or her pain (e.g. average, worst, best) over a defined time frame (e.g. the past 24 h, week, month). However, recall of pain is fraught with problems and is a more complex task than it appears on its face [1] with evidence for the influence of peak and recency effects on recall pain ratings [2] . Ecological momentary assessment (EMA) or experience sampling, has been used to collect participants' immediate experiences in real-world settings, minimising recall bias and increasing measurement reliability [3, 4] . This approach is considered the most accurate means of capturing pain ratings and is generally regarded as the "gold standard" of assessment [4] [5] [6] [7] . Recent work suggests that EMA can also substantially improve reliability of measurement. For example, a recent study showed that a composite of five once-daily pain ratings resulted in measurement reliability of 0.90 [5] . Improving measurement reliability from the commonly accepted threshold of 0.70-0.90, for instance, provides a substantial boost to study power and decreases required sample size by 22% [8] . In addition to improving measurement reliability, EMA facilitates within-person examination of factors associated with pain and provides a more granular view of treatment responsiveness [9] .
End of day (EOD) diaries are an alternative method to assess symptoms like pain; while they do not capture selfreport in real-time, they do require recall of temporally proximal (same day) experiences. EOD diaries have the potential to reduce respondent burden and costs relative to EMA methods, and in chronic pain research they have been shown to have a high degree of correlation (≥ 0.90) with EMA ratings [6, 10] . However, it may not be the case that a single EOD assessment is more accessible and/or acceptable to respondents compared to multiple within-day EMA assessments. Indeed, our previous research has suggested lower missing data rates in EMA compared to EOD diaries [11] , which we speculated was at least partly due to the different technology platforms for each type of assessment-a wrist-worn device for EMA and web-based EOD diaries.
Decisions about pain assessment methods for any given research or clinical application are influenced by many factors, including consideration of respondent burden, sampling density needed to address the research question, required technology to complete the assessment and the available time frame for assessment. Although previous research has established the superiority of EMA relative to recall measures in terms of reliability and study power, there is little information about how EMA compares to EOD data collection methods in terms of reliability. Such information can help investigators and clinicians to make informed decisions about measurement protocols. This study investigated the most efficient means of measuring pain intensity and pain interference, comparing EMA to EOD data, with the highest level of measurement reliability. This study was conducted in a sample of persons with chronic pain and spinal cord injury (SCI), a condition where chronic pain is a highly prevalent, intractable, distressing and disabling secondary condition [12] [13] [14] [15] [16] [17] [18] [19] [20] . The feasibility of EMA in SCI has been previously demonstrated [11, 21] . Pain and pain interference data were collected using a 7-day EMA and EOD diary protocol [22] . We determined the number of EOD assessments needed to reach a reliability coefficient of ≥ 0.90 for pain intensity and pain interference, as well as the minimum number of EMA observations required to achieve a reliability coefficient of ≥ 0.90 for both pain intensity and pain interference. We also examined the impact that time of day had on the estimated reliability for the EMA assessments.
Methods

Participants
Individuals with a medically documented SCI [23] were recruited across three different treatment facilities (the University of Michigan, Wayne State University/Rehabilitation Institute of Michigan and the University of Washington) for inclusion in this study. Participants were at least 18 years old, able to comprehend and speak English at a 6th grade reading level, able to provide informed consent and be at least 1 year post-SCI to be eligible. Participants were also required to endorse ≥ 4/10 average pain (on a 0-10 scale where 0 is no pain at all and 10 is the worst imaginable pain) in the past month and be able to use a computer mouse/ touchscreen and a wrist-worn monitor in order to meet inclusion criteria. Current inpatient treatment and atypical sleep/ wake patterns were exclusion criteria. Participants were recruited as a part of a prospective observational study [22] that examined how chronic pain acceptance relates to the pain, distress, well-being and functioning in the daily lives of individuals with chronic pain and SCI. All data were collected in accordance with and approval of each institution's Institutional Review Boards and written documentation of consent was obtained from each participant.
We used the International Standards for Neurological Classification of SCI [24] to characterise participants as paraplegic [impairment or loss of motor and/or sensory function in the thoracic, lumbar or sacral (but not cervical) segments of the spinal cord secondary to damage of neural elements within the spinal canal], or tetraplegic (impairment or loss of motor and/or sensory function in the cervical segments of the spinal cord due to damage of neural elements within the spinal canal). Participants were characterised as either complete (an absence of sensory and motor function in the lowest sacral segment) or incomplete (partial preservation of sensory and/or motor function is found below the neurological level and includes the lowest sacral segment).
Study procedures
All study participants completed EMA and EOD assessments over a 7-day period. For the purposes of the current analysis, we compared EOD reports of pain intensity and pain interference collected using a daily survey diary with multiple EMAs of pain intensity and pain interference completed over a 7-day period. Details for the larger study protocol are reported elsewhere [11, 22] .
EOD Assessments
Participants completed an EOD daily diary that included measures of pain intensity and pain interference (described, below) each of seven nights before bed by logging on to an online-data collection site (Assessment Center SM ). Pain intensity was measured using an adapted version of the Patient-Reported Outcome Measurement Information System (PROMIS) [25] [26] [27] [28] pain intensity-Short Form 3a [29] . This short form has three items: "how intense was your pain at its worst?" "how intense was your average pain?" and "what is your level of pain right now?" The response timeframe was changed from "in the past 7 days…" to "today…". Participants rated each item on Likert scale (from 1 to 5). Scores were on a T metric (M = 50, SD = 10), with higher scores indicating higher pain intensity.
Pain interference was measured using the Spinal Cord Injury-Quality of Life (SCI-QOL) measurement system [30] [31] [32] and Pain interference 10-item short form [33] . Items assess self-reported consequences of pain on emotional, physical and recreational activities. Items were adapted in that the context was changed from "In the past 7 days…" to "Today…". Participants rated each item on Likert scale (from 1 "not at all" to 5 "always"). Scores were on a T metric (M = 50, SD = 10), with higher scores indicating higher levels of pain interference.
Ecological momentary assessment
Ecological momentary assessment data that included measures of pain intensity and pain interference (described below) were collected using a wrist-worn accelerometer enhanced with a user interface for entry of self-report data (i.e. the PRO-Diary; CamNTech, Cambridge, UK). During the 7-day period, participants entered self-reported ratings of pain and pain interference 5 times throughout the day: upon waking, 11 a.m., 3 p.m., 7 p.m. and bedtime. An audible alarm alerted participants to enter ratings at 11 a.m., 3 p.m. and 7 p.m., and participant initiated ratings (with no prompt) at wake and bed times. Wake time was defined as the time that he/she became fully awake for the day, regardless of whether or not they remained in bed. Bedtime was defined as the time that they turned out the light or intended to go to sleep, not the time they necessarily got into bed. Pain and pain interference items were adapted from the "right now" item of the widely used Brief Pain Inventory [34] [35] [36] [37] for use in this study.
Momentary pain intensity was assessed by asking "What is your level of pain right now?" Responses ranged from 0 = "no pain" to 10 = "worst pain imaginable".
Momentary pain interference was assessed by asking "How much is your pain interfering with what you are doing right now?" Responses ranged from 0 = "no interference" to 10 = "totally interfering".
Data analyses
Preliminary analyses
Data distribution statistics were calculated in order to describe the sample and to check for assumptions underlying the primary analyses.
Primary analyses
Multilevel models (MLM) were used to examine the reliability for both EOD and EMA assessments to determine the amount of variability in these assessments over the course of a week (i.e. EOD assessments) or day (i.e. for EMA ratings).
For EOD analyses, we examined days (1-7) nested within people. For EMA analyses, we examined occasions (1-5) nested within days (1-7), nested within people. In addition, in order to determine whether or not time of day influenced reliability coefficients for EMA ratings, the MLM models were rerun separately for morning (Time 1), midday (Time 3) and evening (Time 5) ratings. Specifically, for each time point (Time 1, Time 3 and Time 5), the MLM examined days (1-7) nested within people. All multilevel models were unconditional variance component models; other than days and occasions, there were no other independent variables included in the model. These full-information maximum likelihood mixed-effects MLMs are considered the standard for handling missing data that is characteristic of this type of study design [38] . In addition, a multilevel version of the Spearman-Brown Prophecy formula was used in order to estimate values for reliability [39] . Minimal acceptable reliability was specified as ≥ 0.70 [40, 41] . Results also report the variation of scores for assessments at each time point. For these analyses, score variation reflects the square-root of the variance estimates that were generated in the associated MLM models. All statistical analyses were performed using MLwiN 2.27 [42] .
Normality was assessed using normal quantile plots and through an examination of the distribution of responses for the dependent variables for the presence of floor and ceiling effects. The data were reasonably well approximated by a normal distribution for EMA and EOD pain intensity, and EOD pain interference. For EMA pain interference, although the data were reasonably well approximated by a normal distribution, there was a floor effect (for 30% of all observations). While there are models that address the presence of a substantial number of zero's, we elected to retain our analytic approach for consistency across measures.
Sample size considerations
Sample size considerations were based on sampling needs for moderation analyses that are reported elsewhere (n = 102 participants were needed to detect a medium effects size between two groups-high pain acceptance and low pain acceptance-on the association between pain and functioning) [22] .
Results
Participant descriptive statistics
One-hundred and thirty-one participants participated in the 7-day home monitoring period (29.0% paraplegia complete, 25.2% paraplegia incomplete, 7.6% tetraplegia complete, 29.8% tetraplegia incomplete, 8.4% missing). The majority of participants were male (74%) and Caucasian (74%); 19.1% were African American, 1.5% were Asian and 3.1% were American Indian or Multiracial (race was missing for 2.3% of the sample). SCI was most frequently the result of a motor vehicle accident (33.6%), followed by falls (19.8%), gunshot wounds or other violence (16%), diving and other sports/recreation (both at 7.6%) and medical/ surgical accidents (3.8%). Almost half of participants used a manual wheelchair (47.3%), followed by a power wheelchair (28.2%), using a cane or walker (12.2%), walking without assistance (10.7%) and being pushed by someone else (1.5%). Table 1 provides descriptive data for the EOD and EMA assessments for each day of the home monitoring period. For both EOD and EMA assessments, pain ratings were stable and modest in terms of intensity. Furthermore, ~ 20% (or less) of the data were missing on any given day, which has been previously reported [11] .
Primary analyses
Multilevel models were fit for EOD measures (see Table 2 ). For pain interference, on average, scores varied by 3.67 points (~ 0.5 of a standard deviation as scores are on a T metric) over the course of the 7-day monitoring period (as noted above, score variation reflects the square-root of the variance estimate provided in Table 2 ). For EOD pain intensity, on average, scores varied by 4.25 points (possible scores can range from 3 to 15) over the course of the 7-day period. At the individual level, pain interference scores varied by 6.46 points and pain intensity scores varied by 5.57 points. Table 3 and Fig. 1 provide reliability data for EOD ratings of pain intensity and pain interference. For pain intensity, a minimum of 2 days of assessments was needed to achieve adequate reliability (> 0.70), while a minimum of 5 days of assessments was needed to achieve excellent reliability (> 0.90). For pain interference, a single assessment yielded adequate reliability, while a minimum of 3 days of assessments were needed to achieve excellent reliability.
Multilevel models were also fit for EMA measures (see Table 4 ). Specifically, for pain interference, on average, scores varied by 1.47 points (possible scores can range from 0 to 10) over the course of the day (as noted above, score variation reflects the square-root of the variance estimate provided in Table 5 ). EMA pain intensity scores, on average, varied by 1.44 points (possible scores can range from 0 to 10) over the course of the day. At the individual level or within person, pain interference scores varied by 0.45 points and pain intensity scores varied by 0.44 points over the course of the 7-day period. At the individual level, pain interference scores varied by 2.04 points and pain intensity scores varied by 1.86 points. Table 5 and Fig. 2a, b provide reliability data for the EMA ratings of pain intensity and pain interference. For pain intensity, at least two assessments were needed (either two assessments within the same day or a single assessment for 2 days) to achieve adequate reliability, whereas a minimum of one observation over 6 days, two observations over 4 days, three observations over 3 days or two observations over 4 days were needed to achieve excellent reliability. For pain interference, at least two assessments were needed (either two assessments within the same day or a single assessment for 2 days) to achieve adequate reliability, whereas a minimum of one observation was needed over 5 days, two observations over 3 days, three observations over 2 days, is needed to achieve excellent reliability. In addition, reliability coefficients did not differ according to time of day (morning, midday and evening; Table 6 ).
Discussion
The primary purpose of this analysis was to investigate the most efficient methods of measuring pain and pain interference with the highest level of measurement reliability while minimising respondent burden in a sample of persons with SCI and chronic pain. Specifically, our findings indicated that the number of assessments needed to establish excellent reliability differed by both modality (EOD vs. EMA assessment) and measure (pain intensity or pain interference). The data provided in Tables 3 and 5 can be used to optimise the assessment of pain using EMA and EOD assessments. For example, while a reliability of 0.90 may provide an adequate balance between study power and precision [8] , a clinician/researcher may elect a lower cutoff (i.e. good reliability or > .80) to balance costs (e.g. increased participant burden, monetary expense for data capture) associated with utilising this type of methodology. In addition, the minimum number of assessments required to achieve adequate, good or excellent reliability was consistently less for pain interference than pain intensity. For the EOD assessments, this is most likely due to the fact that daily pain interference was assessed with a 10-item short form whereas the measures for daily pain intensity were much shorter (i.e. three items). Specifically, the greater the number of items on a scale, the more reliable the measurement, according to classical test theory methodology [43] . It is also possible that pain interference may be a less psychometrically robust assessment of pain. The presence of a floor effect for EMA pain interference would support this premise. In addition, it is also possible that pain interference is less robust given the fact that this rating is, by definition, grounded within the context of activity (which may make subjective ratings more variable, given the comprehension or varying levels of daily activities, as well as varying expectations about activity involvement). As such, it seems plausible that this contextual element would increase between subject variability, which in turn would be associated with a decrease in measurement reliability. Future work could consider using different items (of the same length) to examine whether reliability and sensitivity could be improved when examining pain in persons with SCI. It is unclear why reliability for pain interference was consistently less than for pain intensity for the EMA assessments; this difference warrants further investigation. Regardless, these findings support the notion that there are distinct aspects of pain that can be measured in SCI [17, 44] .
While EMA has been touted as a superior approach to the assessment of pain because responses are less reliant on memory which may be biased [45] , it can have associated costs for both the researcher and the participant. For example, EMA requires hardware for monitoring and data capture, more sophisticated analytical approaches and is potentially a time burden for study participants. Furthermore, high response frequency for EMA assessments raises concerns for compliance (although in this sample missing data rates for EMA assessments [~ 16%] were generally lower than the missing data for EOD assessments [~ 20%]). Data from this study suggest that both EMA and EOD assessments of pain are reliable, that the actual number of ratings per type of modality is generally similar, and that the timing of the EMA assessments does not impact reliability. For example, for pain intensity, 5 EOD assessments are needed (i.e. one assessment each of 5 days), relative to an EMA assessment of pain intensity which would require between 6 (one assessment each of 6 days) and 8 assessments (two observations each over 4 days). Similarly, for pain interference, three observations are needed to achieve reliability for EOD assessments, relative to needing between 5 (one rating over 5 days) and 6 (two observations over 3 days or three observations over 2 days). Thus, depending on the time frame for any given protocol, EMA may prove advantageous over EOD or vice versa depending on specific study design needs. Findings also support previous research that highlights the importance of multiple ratings to improve measurement sensitivity and specificity of pain [5] . More specifically, understanding the number of assessments needed to achieve excellent reliability, regardless of assessment modality (EOD or EMA), can maximise the statistical precision and sensitivity of pain assessments in individuals with SCI. The number of items that are administered, as well as the administration format that is used (i.e. computer adaptive test or static short forms) are also additional factors that warrant further consideration in the optimisation of the assessment of pain. As mentioned above, given that the number of assessments needed to establish adequate, good or excellent reliability was consistently lower for pain interference than pain intensity, and that we suspect that the smaller number of pain intensity items may at least partially account for this finding (at least for the EOD assessments). Thus, using measures that include more items may counterbalance the need for requiring more assessments to achieve greater measurement reliability. As such, more information is needed to optimise the balance between the incremental administrative burden of adding additional items with the number of independent observations needed to achieve different levels of measurement reliability. Given that the EOD measures in this study offer a computer adaptive test (CAT) administration option, it is possible that the CAT administration may offer a solution for optimising this balance (given that CAT can be specified to administer a minimum and maximum number of items and can be programmed to stop administration once a pre-specified standard error is met).
There are also several limitations to this study and its results. First, as with many other studies in SCI, our sample is predominantly male, limiting the generalisability of findings for females with SCI. Furthermore, while we assessed EMA and EOD ratings of pain, this study did not include the same measures during the in-person baseline or follow-up assessments precluding our ability to compare these types of ratings with the type of solitary assessment of pain that is characteristic of many study designs (that include baseline, interim and follow-up assessments). In addition, the relatively high rates for missing data for both EMA [~ 16%] and EOD assessments [~ 20%] raise a potential concern. These concerns are somewhat mitigated by the fact that they are only slightly higher than missing data rates in other clinical populations (~ 10%) without the degree of impairment as SCI [46] [47] [48] [49] . Furthermore, the validity of both the EOD and EMA assessments have not been established. For example, while EMA methods are often considered the "gold standard", there are no data to support or refute this claim and it is possible that EMA and recall measures of pain, for instance, might be tapping distinct constructs altogether [3] . Fortunately, the potential concern of reactivity or temporal shifts in ratings, was not present in these data (a summary of these analyses is provided elsewhere [50] ). In addition, the presence of a floor effect for EMA pain interference presented an analytical challenge in our data. While we elected to retain our approach for consistency across the different measures, further investigation of using statistical models that address the presence of a substantial number of zero's could be considered. In addition, all analyses used a modified version of the PROMIS measures, one in which the time frame of the original items ("in the last 7 days") was removed; yet, scores were derived using the original calibration data that included this time frame. Thus, the calibration data may over-or under-estimate the pain ratings of participants in this study. Finally, future work is needed to directly compare EMA and EOD assessments to determine the effect that EMA reports may have on same day summative reporting, as well as the overall validity for these type of data, which is complicated by the issues raised earlier in this paragraph.
Despite these limitations, this study provides important information for optimising the assessment of pain using EMA and EOD assessments. The data provided herein can help researchers and clinician balance the cost/benefit tradeoffs of these different types of assessments by providing specific cutoffs for the numbers of each type of assessment that are needed to achieve excellent reliability. Future study designs can consider these recommendations so as to minimise the participant assessment burden that comes with having to complete repeat assessments of pain. Furthermore, findings highlight how pain in SCI is multifaceted, and thus ratings of pain intensity (while typically the most common type of pain assessment in clinical care) do not capture the full breadth of the pain experience in individuals with SCI. Finally, consideration of how pain interferes with daily life and activities is critical for a richer understanding of the clinical implications that pain has on functioning in SCI.
